Invariant NKT (iNKT) cells are a distinct subset of T cells that exert Janus-like functions in vivo by producing IFN-and IL-4. Sodium chloride modulates the functions of various immune cells, including conventional CD4 + T cells and macrophages. However, it is not known whether sodium chloride affects iNKT cell function, so we addressed this issue. Sodium chloride inhibited IFN-, but not IL-4, production by iNKT cells upon TCR or TCR-independent (IL-12 and IL-18) stimulation in a dose-dependent manner. Consistently, sodium chloride reduced the expression level of tbx21, but not gata-3, in iNKT cells stimulated with TCR engagement or IL-12 + IL-18. Sodium chloride increased phosphorylated p38 expression in iNKT cells and inhibitors of p38, NFAT5, SGK1, and TCF-1 restored IFN-production by iNKT cells stimulated with sodium chloride and TCR engagement. Furthermore, adoptive transfer of iNKT cells pretreated with sodium chloride restored antibody-induced joint inflammation to a lesser extent than for untreated iNKT cells in J 18 knockout mice. These findings suggest that sodium chloride inhibits IFN-production by iNKT cells in TCR-dependent and TCR-independent manners, which is dependent on p38, NFAT5, SGK1, and TCF-1. These findings highlight the functional role of sodium chloride in iNKT cellmediated inflammatory diseases.
INTRODUCTION
At present, peoples in the industrialized world generally consume a diet that contains high levels of salt, sugar, fat, and cholesterol. 1 It was recently established that a Western diet affects various cellular events in the immune, cardiovascular, and renal systems. [1] [2] [3] Among dietary nutrients, salt (sodium chloride) intake has been implicated in various diseases including hypertension, inflammation, and cancers. [4] [5] [6] Sodium chloride modulates the functions of many cell types by inducing osmotic stress. Upon sodium chloride treatment, cells sense the sodium chloride-induced stress at the plasma membrane and subsequently activate tonicity-dependent signaling pathways via the activation of p38-MAPK and NFAT5 (nuclear factor of activated T cells 5, also known as TonEBP), 7 thereby affecting cellular events. In the immune system, recent studies have demonstrated that sodium chloride promotes inflammatory responses by modulating the functions of CD4 + T cells and macrophages. 6, [8] [9] [10] These findings suggest that sodium chloride may affect the cellular functions of innate and adaptive immune cells.
Abbreviations: APC, allophycocyanin; iNKT, invariant NKT; -GalCer, -galactosyl ceramide; HSD, high-salt diet; LMNC, liver mononuclear cell; NCD, normal chow diet; WT, wild type Invariant NKT (iNKT) cells are a subset of innate T cells characterized by their recognition of the CD1d glycolipid antigen and their expression of the semi-invariant V 14-J 18 TCR. 11 -Galactosyl ceramide ( -GalCer), a glycolipid derived from a marine sponge, activates iNKT cells in vitro and in vivo. 12 Upon stimulation via TCR engagement, iNKT cells rapidly secrete large amounts of various cytokines, thereby regulating inflammatory diseases. 13, 14 However, it has not been reported whether extracellular sodium chloride affects the function of iNKT cells. Thus, we investigated the effects of extracellular sodium chloride on the cytokine production of iNKT cells during activation. Here, we demonstrate that sodium chloride inhibits IFN-production by activated iNKT cells, which is dependent on p38, NFAT5, SGK1, and TCF-1. 
Reagents

Cell preparation and culture
Mouse liver mononuclear cells (LMNCs) and hepatic iNKT cells were prepared and sorted as previously described. 15 Briefly, LMNCs were 
Enzyme-linked immnosorbent assay
Cytokines in the culture supernatants were evaluated using the BD OptEIA ELISA Kit (BD Biosciences), in accordance with the manufacturer's protocol.
Intracellular cytokine staining and flow cytometry
For intracellular cytokine staining, LMNCs or thymocytes were stimulated with PMA (1 ng/ml; Invitrogen, Carlsbad, CA, USA), ionomycin
(1 mM; Invitrogen), GolgiStop, and GolgiPlug (both from BD Pharmingen) for 4 h. Stimulated cells were fixed and permeabilized with fixation and permeabilization buffers (BD Biosciences), in accordance with the manufacturer's instructions. Staining of phosphorylated-p38 (p-p38)
in sorted iNKT cells was performed with BD Phosflow Lyse/fix and Perm/wash buffer (BD Biosciences). Flow cytometry was performed using BD FACS LSRII (BD Biosciences) and data were analyzed using FlowJo software (FlowJo, Ashland, OR, USA).
Quantitative real-time PCR analysis
Total RNA from cells, organs, or homogenized joint tissues was extracted using the RNeasy Kit (Qiagen, Courtaboeuf, France), in accordance with the manufacturer's protocol, and transcribed into cDNA using M-MLV transcriptase (Promega, Madison, WI, USA). Realtime PCR was performed using an Applied Biosystems 7500 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The following primers and probes used were synthesized by Applied
, and tcf7 (Mm00493445_m1). Gene expression levels were normalized to that of gapdh.
Adoptive transfer and inducing rheumatoid arthritis
J 18 KO mice were injected intravenously with 5 × 10 5 MACS-sorted and PBS or sodium chloride-treated NKT cells 1 day before administering K/BxN sera. The recipient mice were injected intraperitoneally with 100 L of K/BxN sera on days 0 and 2 and ankle thickness was measured with calipers (Manostat, Herisau, Switzerland). Clinical scores were determined as previously described. 16 
Statistical analysis
Statistical analysis was performed using GraphPad Prism software (GraphPad Software, La Jolla, CA, USA). Unpaired two-tailed t test or one-way ANOVA was performed to compare the groups. A P value < 0.05 was regarded as statistically significant. All of experiments were performed at least 3 times independently.
RESULTS
Sodium chloride inhibits IFN-production and tbx21 expression in iNKT cells in vitro
To investigate whether sodium chloride affects the function of iNKT The results were pooled from 3 independent experiments and analyzed. *P <0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way ANOVA) presence of -GalCer, whereas the levels of IL-4 were not altered ( (Fig. 1C) . The production of IFN-by iNKT cells consistenly peaked 24 h after stimulation with anti-CD3 and CD28 mAbs, which was maximally inhibited by sodium chloride (Fig. 1D) . Furthermore, sodium chloride inhibited IFN-production by iNKT cells stimulated with TCR engagement in a dose-dependent manner, but did not affect IL-4 production (Fig. 1E) .
However, blockade of interaction between IFN-and IFN-receptor using anti-IFN-receptor mAb did not affect levels of tbx21 and gata-3 mRNA in iNKT cells stimulated with anti-CD3 and anti-CD28 mAbs in the presence of sodium chloride ( Supplementary Fig. 2 ). Cytosolic staining revealed that the expression of IFN-was lower in iNKT cells treated with sodium chloride, PMA, and ionomycin than in those treated with PMA and ionomycin only, whereas sodium chloride did not affect the cytosolic expression of IL-4 ( Fig. 1F and Supplementary Fig. 3 ). However, sodium chloride did not affect the apoptosis of iNKT cells stimulated with or without anti-CD3 and anti-CD28 mAbs at a concentration of 40 mM (Fig. 1G) . Moreover, sodium chloride also inhibited IFN-production by iNKT cells stimulated with IL-12 and IL-18 ( Fig. 2) , which has been reported to increase IFN-production by iNKT cells. 18 Combined, these findings indicate that sodium chloride specifically inhibits IFN-, but not IL-4, production by iNKT cells in TCR-dependent and TCR-independent manners. Recently, distinct subsets of iNKT cells have been defined as NKT1, NKT2, and NKT17
that produced IFN-, IL-4, and IL-17 in the thymus, repsectively. 19 Thus, to investigate whether sodium chloride might affect plasticity of these subsets or cytokine production of thymic NKT cells, we treated thymocytes with sodium chloride in the presence or absence of PMA/ionomycin. However, sodium chloride did not regulate subset plasticity of thymic NKT cells and IL-4 production and apoptosis of NKT1 cells ( Supplementary Fig. 4A and B).
Sodium chloride-mediated inhibition of IFNproduction and tbx21 expression by iNKT cells is dependent on p38, NFAT5, and SGK1
To investigate the mechanism by which sodium chloride suppresses IFN-production by iNKT cells, we measured p-p38 expression levels in iNKT cells stimulated with anti-CD3 and anti-CD28 antibodies upon sodium chloride treatment. In iNKT cells, cytosolic staining demonstrated that p-p38 expression was enhanced 15 min after treatment with sodium chloride and then gradually decreased (Fig. 3A) . However, stimulation with anti-CD3 and anti-CD28 antibodies did not increase experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way ANOVA) p-p38 expression in iNKT cells (Fig. 3A) . Moreover, treatment with a p38 inhibitor significantly restored IFN-, but not IL-4, production by iNKT cells treated with sodium chloride and anti-CD3 and anti-CD28 mAbs (Fig. 3B) . Treatment with the p38 inhibitor consistently increased the expression levels of tbx21 and ifng, but not gata-3 or il-
4, mRNAs in iNKT cells treated with sodium chloride and anti-CD3
and anti-CD28 mAbs (Fig. 3C ). These findings suggest that the sodium chloride-mediated inhibition of IFN-in iNKT cells is dependent on p38. Recent studies have demonstrated that the NFAT5-SGK1 pathway is involved in the p38/MAPK-mediated sodium chloride effects on CD4 + T cells. 6, 9 Upon treatment with sodium chloride, the p38 inhibitor decreased the expression levels of NFAT5 in iNKT cells stimulated with anti-CD3 and anti-CD28 mAbs (Fig. 4A ). Based on these findings, the NFAT5 pathway is also likely involved in the p38/MAPKmediated effects of sodium chloride on iNKT cells, similar to that of CD4 + T cells. To address this further, iNKT cells were treated with an NFAT5 inhibitor (rottlerin) or urea in the presence of sodium chloride and anti-CD3 and anti-CD28 mAbs. Urea has been reported to inhibit NFAT5 expression. 20 Moreover, rottlerin suppressed NFAT5 mRNA levels in iNKT cells stimulated with TCR and sodium chloride in a dosedependent manner as reported, 21 suggesting that rottlerin suppresses NFAF5 functions by inhibiting protein activity and expression levels of NFAT5. The NFAT5 inhibitor and urea restored the sodium chloridemediated inhibition of IFN-production as well as tbx21 and ifng transcript levels in iNKT cells in a dose-dependent manner ( Fig. 4B and C, and Supplementary Fig. 5A-C) . These findings suggest that the p38-NFAT5 pathway is involved in the sodium chloride-mediated inhibition of IFN-production by iNKT cells. Moreover, it has been reported that SGK1 is activated via the binding of NFAT5 to a tonicity enhancer (TonE) site of sgk1 and regulates IFN-and T-bet expression. 22 Treatment with the NFAT5 inhibitor also decreased sgk1 expression (Fig.   4C ), and an SGK1 inhibitor (GSK650394) restored IFN-production as well as tbx21 and ifng transcript levels in iNKT cells stimulated with TCR engagement and sodium chloride in a dose-dependent manner ( Fig. 4D and E, and Supplementary Fig. 6 ). Heikamp et al. demonstrated that SGK1 inhibited IFN-production by regulating expression of the transcription factor TCF-1. 22 These findings led to hypothesize that SGK1-mediated regulation of TCF-1 activity might contribute to sodium chloride-mediated inhibition of IFN-in iNKT cells. To address this, we measured levels of tcf7 mRNA in iNKT cells with NFAT5 or SGK1 inhibitor in the presence of TCR stimulation and sodium chloride.
Both NFAT5 and SGK1 inhibitor suppressed tcf7 mRNA in iNKT cells during stimulation with TCR and sodium chloride ( Fig. 5A and B) . Moreover, TCF-1 inhibitor (FH535) restored sodium chloride-mediated suppression of IFN-production and tbx21 mRNA expression during TCRmediated activation, whereas it did not affect IL-4 production and transcriptional expression of gata-3, nfat5, sgk1, and tcf7 ( Fig. 5C and   D ). These findings suggest that p38-NFAT5-SGK1 pathway regulates The results were pooled from 3 independent experiments and analyzed. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way ANOVA) sodium chloride-mediated inhibition of IFN-production in iNKT cells via TCF-1. Taken together, these findings suggest that sodium chloride inhibits IFN-production by iNKT cells stimulated with TCR engagement in a p38, NFAT5, SGK1, and TCF-1-dependent manner.
Sodium chloride-mediated inhibition of IFNproduction by iNKT cells regulates joint inflammation
To investigate whether sodium chloride regulates IFN-production by iNKT cells in vivo, we fed B6 mice an HSD for 16 weeks and measured IFN-production by LMNCs isolated after stimulation withGalCer. The expression levels of nfat5 transcript were increased in the kidneys and livers, but not in the spleens from WT mice fed an HSD compared with those fed a normal chow diet (NCD) (Fig. 6A) . This differntial nfat5 expression might be due to differential absorbsion and circulation route of nutrients and/or homestatic regulatory mechinary of sodium chloride in these organs. 23 LMNCs from B6 mice fed an HSD produced less IFN-than those from control mice fed an NCD uponGalCer stimulation (Fig. 6B) . Moreover, iNKT cell population in the liver and spleen was similar in WT mice fed a NCD or HSD ( Supplementary   Fig. 7 ). These results suggest that sodium chloride affects IFN-pro- (Fig. 6C) . Levels of IFN-, but not IL-4, expression were consistently reduced in the joints from J 18 KO mice adoptively transferred with sodium chloride-pretreated iNKT cells compared with those trasferred with PBS-pretreated iNKT cells, whereas those of TGF-were increased (Fig. 6D) . In contrast, J 18 KO mice showed a reduction in the expression levels of both IFN-and IL-4, but an increase in those of TGF-in the joint tissues compared with WT B6 mice 8 days after K/BxN serum injection as previously reported. 13 These findings suggest that sodium chloride regulates joint inflammation by inhibiting IFN-production by iNKT cells in vivo.
DISCUSSION
Increasing evidence has shown that sodium chloride contributes to the sodium chloride affects the differentiation and effector functions of CD4 + T cells. 6, 9 In CD4 + T cells, sodium chloride appears to differentially affect functions of Th17, Treg, and iNKT cells. Although the exact mechanism remains elusive, it is reasonable to consider that these differential effects of sodium chloride on various CD4 + T cell subsets might be due to intrinsic characterization of these CD4 + T cells in signal pathways for cytokine production and functional differentiation. Moreover, sodium chloride elicits a proinflammatory phenotype of macrophages but reduced activation of M2 macrophages. 8, 10 These findings indicate that sodium chloride promotes the proinflammatory immune response rather than the anti-inflammatory response in vivo. In particular, HSD aggravated experimental autoimmune encephalomyelitis by enhancing pro-inflammatory macrophages and antigen-specific Th17 cells. 6, 8 Moreover, HSD-induced impairment of Treg function affected the progress of xenogeneic graftversus-host disease and experimental colitis. 9 In contrast to this proinflammatory effect, our experiments demonstrated that sodium chloride attenuates antibody-induced joint inflammation by inhibiting IFNproduction by iNKT cells. However, it has also been demonstrated that sodium chloride increases IFN-and tbx21 expression in Th1-type Tregs upon stimulation with TCR. 9 Furthermore, blockade of the increased IFN-restores the suppressive effect of Th1-type Tregs on effector T cells in vitro. 9 These findings suggest that the opposite impacts of sodium chloride on IFN-production in 2 T lineage cell types exert double-edged effect on inflammation in different target organs.
In our experiments, the sodium chloride-mediated inhibition of iNKT cell function was dependent on p38, NFAT5, SGK1, and TCF-1. Consistent with our results, 2 independent studies demonstrated that the p38/MAPK-NFAT5-SGK1 signaling pathway is also involved in the sodium chloride-mediated modulation of Tregs and Th17 cells. 6, 9 Combining these studies with ours, we hypothesize that sodium and MAPK signaling pathway in M1 macrophages, 8 whereas it attenuates M2 macrophage activation in an SGK-1-and NFAT5-independent manner. 10 Combining these findings, sodium chloride may differentially activates signaling pathways and dependent on the immune cell type.
To investigate whether the sodium chloride-mediated inhibition of IFN-production by iNKT cells affects a disease model in vivo,
we produced antibody-induced joint inflammation in B6 mice fed an HSD for 4, 6, 8, or 12 weeks. However, we did not detect a significant difference in joint inflammation between mice fed an HSD and an NCD (data not shown), although the HSD inhibited IFN-production by activated hepatic iNKT cells (Fig. 4B) . In contrast to our study, several experiments have clearly demonstrated that HSD affects in vivo disease models such as xenogeneic graft-versus-host disease, adoptive transfer models of colitis, and experimental autoimmune encephalomyelitis. 6, 8, 9 To explain this discrepancy, different target cell types, amounts of salt intake, microenvironments of disease models, and/or kinetics of pathology may explain this failure in demonstrating an HSD-mediated disease phenotype by modulating iNKT cell function in vivo.
In conclusion, our experiments demonstrate that sodium chloride inhibits IFN-, but not IL-4, production by iNKT cells upon TCR stimulation, which is dependent on p-38, NFAT5, SGK1, and TCF- 1 
